Class I major histocompatibility complex (MHC) cDNA clones have been isolated from an expression library derived from mRNA of an MHC homozygous Xenopus laevis. The nucleotide and predicted amino acid sequences show definite similarity to MHC class I molecules of higher vertebrates. The immunoglobulin-like a-3 domain is more similar to the immunoglobulin-like domains of mammalian class II (3 chains than to those of mammalian class I molecules, and a tree based on nucleotide sequences of representative MHC genes is presented.
Major histocompatibility complex (MHC)-encoded class I and class II molecules allow the immune system of vertebrates to distinguish self from nonself (1) . MHC molecules are made up of four external domains, each composed of =90 amino acids. The two membrane-proximal domains are members of the C-1 subtype of the immunoglobulin superfamily (2) , shared only with immunoglobulins and T-cell receptors. The two membrane-distal domains of both MHC classes are not immunoglobulin-like and combine to form a peptidebinding cleft composed of a floor ofeight /3-strands topped by two a-helices (3). This structure evidently binds peptides derived from proteins either endogenously synthesized (for MHC class I) or exogenously acquired (for MHC class II) (4) . T-cell receptors either recognize peptides and MHC molecules simultaneously or the peptide alone in "the context" of the MHC molecules (5, 6) .
To confront basic questions concerning MHC evolution, such as the derivation of the peptide-binding domains and which MHC class emerged first, it is necessary to examine the MHC of primitive vertebrates (7, 8) . The isolation of MHC genes from nonmammalian vertebrates, however, has proceeded very slowly. The apparently rapid divergence of MHC sequences has not often allowed crosshybridization with mammalian gene probes. Crosshybridization with MHC genes of other vertebrate classes has only been successful in chickens with a mammalian class 11 -chain probe (9)-perhaps due to a "slower divergence" of class II /3-chain sequences (8) . Another approach, the polymerase chain reaction (PCR) with degenerate oligonucleotides from conserved MHC regions, has recently succeeded in the isolation of fish (carp) class I and class II genes (10) . Antibody screening of expression libraries led to the cloning of several MHC-linked genes of the chicken (11, 12) . In total, molecular information of the evolution of MHC is scanty.
Xenopus offers an opportunity to study MHC regulation in two unique ways (for review, see ref. 13 ). (i) Tadpoles, although immunocompetent, do not display cell-surface expression of MHC class I until metamorphosis; class II molecules, in contrast, are expressed at all stages of life albeit with a different tissue distribution (14, 15) . (ii) Xenopus speciates by allopolyploidization, and there exist species with different numbers of chromosomes (e.g., the common Xenopus laevis with 36 chromosomes and Xenopus ruwensoriensis with 108 chromosomes). Species with many chromosomes (and the potential to express many MHC haplotypes), nevertheless, usually express only two MHC haplotypes (16) . This is in contrast to many other genes that are expressed according to the number of available gene copies.
As a first step in addressing all of the aforementioned problems, we have now cloned a X. laevis MHC class I cDNA from a liver expression library. Here we report a comparison of its sequence* with all known MHC genes.
MATERIALS AND METHODS
Preparation of the cDNA Library. RNA was isolated by the guanidinium method (Stratagene) from the liver, thymus, and spleen of a froglet X. laevis homozygous for the f MHC haplotype (17) . cDNA was prepared with the Uni-Zap system (Stratagene), which allows for unidirectional cloning of the resultant cDNAs. Six million primary recombinants were obtained and comprised this library.
Screening of the Library. Antisera specific for frog class I were produced in mice. Two monoclonal antibodies (mAbs), TB1 and TB17, specific for both the native and denatured forms of class I (18) were covalently coupled to a protein G-Sepharose (Pharmacia) column following a procedure described by Schneider et al. (19) . Erythrocyte membrane proteins (Xenopus erythrocytes bear large amounts of class I molecules on the cell surface) in detergent lysates were passed over the column, and the class I proteins were purified as described (18) . Mice were either immunized directly to the column eluates or the proteins were further purified by gel electrophoresis and electroelution before the injections. Antisera derived from these mice were diluted at 1:500 in mAb supernatants (mAb immunoglobulin at 10ug/ml) to screen nitrocellulose filters bound with fusion proteins. The unamplified library of =600,000 total clones was screened.
Gene Only the number of sequences and length of sequence parameters were adjusted. PROTOPARS and DNAPARS produced the maximum parsimony trees, and DNADIST followed by the FITCH distance matrix program produced the tree shown in Fig. 3 .
RESULTS AND DISCUSSION Cloning of Xenopus Class I cDNAs. Seven clones were obtained from the cDNA library after screening with a combination of class I-specific polyclonal antisera and mAbs (25) . Fusion proteins from three of the clones reacted only with the antiserum; the other four reacted only with mAb TB1, which is specific for the cytoplasmic and denatured forms of Xenopus class I (18) . Cross-hybridization analysis showed that the three clones isolated with the antiserum, CL10, CL12, and CL13, were progressively longer related cDNA clones (Fig. 1) . The other clones isolated with the mAb are not bona fide MHC class I cDNA clones because they do not hybridize with the other three and require further characterization.
Clone CL13 was sequenced in its entirety and found to encode all of the amino acids in the mature class I protein (Fig. 1 ). The entire sequence was then compared with others, and all of the best matches from DNA and protein data bank searches by using any parameter were mouse, human, or chicken MHC class I followed by class II data base entries. The greatest nucleotide similarity (50%o) was with the mouse class I gene H-2Kd. The protein (26) . The regions of the other two Xenopus clones (CL10 and CL12) that were sequenced were identical to the corresponding regions of clone CL13 (Fig. 1) It has been pointed out that amino acids associated with the peptide-binding cleft (Fig. 2) are conserved between chickens and mammals (29) . These amino acids, especially those with side chains that point away from the cleft (dots in Fig. 2) , and some that point into the cleft (asterisks) are also conserved or conservatively changed in the frog sequence (3, 34) . In contrast, those conserved amino acids with side chains that point up and could possibly interact with the T-cell receptor (small letter t in Fig. 2) are divergent in the frog sequence.
The immunoglobulin-like a-3 domain has a unique second potential glycosylation site at the exposed region between the C and D }-strands, a loop connecting the two sheets (2, 3). The recently described stretch ofamino acids that apparently makes up the CD8-binding site (residues 221-226) is not conserved in the Xenopus class I molecule (35) (33) . Potential glycosylation sites, putative salt bonds deduced from the crystal structure (3), potential intrachain disulfide bonds, and /-strands in the immunoglobulin (Ig)-like a-3 domain are presented. Amino acids in the Xenopus sequence that are the same as at least one of the other sequences are boxed. Notations below the a-1 and a-2 domains signify characteristics of amino acids whose side chains are associated with the antigen-binding cleft; , pointing away from the cleft; *, pointing into the cleft; t, pointing up and potentially interacting with the T-cell receptor; c, amino acids conserved in mammalian sequences. 62m, an amino acid in mammalian and avian sequences presumed to interact with p2-microglobulin; CD8, the potential CD8-binding site of human class I molecules. Generally, gaps were placed following the predictions already made from reported chicken (29) and carp (10) sequences. Stars in the HLA sequence indicate that no consensus amino acid could be determined due to the extensive polymorphisms at these sites. All numbering is based on the Xenopus sequence. TM/CYT, transmembrane/cytoplasmic. 539 ( 1I been detected biochemically (14, 27, 28) , and the cDNA sequence itself suggest that clone CL13, indeed, encodes the polymorphic, "classical" class I molecule. In addition, we have cloned a second allele by PCR that is almost entirely sequenced (data not shown); the second allele differs by many amino acids from the one described here, and, as expected, some of the polymorphic residues are associated with the cleft (data not shown).
Comparisons of the Individual Domains. When the peptidebinding domains (a-i and a-2) of the Xenopus class I were compared, by themselves, to the protein banks, only poor similarity was detected with any described proteins, including MHC proteins (24% at best, with gaps). One of the best matches-with heat shock cognate 70 (HSC70)-is ofinterest because this protein has also been shown to bind peptides (37) . Preliminary evidence indicates that the peptide-binding site of heat shock cognate 70 may adopt a structure similar to that of MHC class I (55) .
From gene and protein data bank searches, it was found that the immunoglobulin-like domain (a-3) of the Xenopus class I was more similar to immunoglobulin-like domains of Phylogenetic trees, using mammalian, avian, and fish representative class I and class II a-and 13-chain nucleotide se6uences, were then assembled (Fig. 3) . The immunoglobulin-like domains were chosen to formulate the trees because they are believed to serve a structural role in MHC proteins; thus, these domains, in contrast to the peptide-binding domains that are apparently under strong positive selection (52) may best conform to a "mainline" evolutionary analysis. Indeed, the similarities of the Xenopus a-3 domain to CD1 and class 1113 immunoglobulin-like domains do not extend to the peptide-binding domains (apparent in Fig. 2 The tree presented here is obviously preliminary due to the paucity of sequences from the lower vertebrates and the enormous distances between the sequences near the root. However, the tree is consistent with the sequence similarities previously mentioned, and it will serve as a starting point for future analyses. Polymerase chain reaction, performed with degenerate oligonucleotides, has recently allowed cloning of carp (10) and reptile (D. Grossberger, personal communication) MHC genes. Thus, soon it will be known whether trees with more sequences conform to the one presented in Fig. 3 .
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